Abstract Kidney stone disease is a polygenic and multifactorial disorder with a worldwide distribution, and its incidence and prevalence are increasing. Although significant progress has been made in recent years towards identifying the specific factors that contribute to the formation of kidney stone, many questions on the pathogenesis of kidney stones remain partially or completely unanswered. However, none of the proposed mechanisms specifically consider the role(s) of the trace elements and, consequently, the contribution of trace constituents to the pathogenesis of kidney stones remains unclear and under debate. The findings of some studies seem to support a role for some major and trace elements in the initiation of stone crystallization, including as a nucleus or nidus for the formation of the stone or simply as a contaminant of the stone structure. Thus, the analysis of kidney stones is an important component of investigations on nephrolithiasis in order to understand the role of trace constituents in the formation of kidney stones and to formulate future strategies for the treatment and prevention of stone formation and its recurrence. The aim of this review is to compare and evaluate the methods/procedures commonly used in the analysis of urinary calculi. We also highlight the role of major and trace elements in the pathogenesis of kidney stones.
Introduction
In the last few decades, it has been widely documented that kidney stone disease is a global health problem that seriously affects human health. Kidney stone disease is common in the populations of industrialized countries. It is also considered to be a serious socio-medical problem (Pak 1998) . Kidney stones are the products of a pathological biomineralization process in the urinary system (Bazin and Daudon 2012; Bazin et al. 2012) and are mostly mixtures of two or three or more components. This disorder is multifactorial in origin and is influenced by the physical-chemical conditions of the urinary system (Daudon et al. 1993 ). Randall (1936) was the first to describe the appearance of what are now known as "Randall's plaques", and although important aspects of the process of stone formation in humans have been explored over the years (Carpentier et al. 2011) , there is not yet a complete and satisfactory explanation for the pathogenesis of stone formation. To determine the pathogenesis of kidney stones and to formulate future strategies for the treatment and prevention of these stones, it is important to analyze kidney stones at both the elemental and molecular levels.
Thus, the aim of our review is to summarize the most important aspects of kidney stones, paying our attention to the major and trace element composition of these stones. We also briefly discuss the most common methods of kidney stone analysis at both the elemental and molecular levels and include those details of the types of kidney stones with their characteristics which will be useful to the researchers. Our primary emphasis is to explore the role of major and trace elements in the pathogenesis of kidney stones.
Trace elements and pathogenesis of kidney stones
Various mechanisms are involved in kidney stone formation, all of which can only occur in urine, which is supersaturated with respect to the ionic constituents of the specific stone. Possible steps occurring in the formation of kidney stones are presented in Fig. 1 . The inhibitory activity of some urinary components, such as pyrophosphate, citrate, magnesium, glycosaminoglycan and kidney proteins (e.g.nephrocalcin, Tamm-Horsfall mucoprotein, uropontin), is reported, but little attention has been paid to the role of trace elements (Trinchieri et al. 1991; Verkoelen et al. 2000; Bihl and Meyers 2001; Marangella et al. 2004; Basavaraj et al. 2005; Moe 2006 ). In kidney stone disease inhibitory crystallization deficit plays an important role together with supersaturated levels of different salts, promoters and inhibitors of crystallization. The process of crystallization of supersaturated urine components and the establishment of solid concretions can be modified by the activity of promoters and inhibitors and by some morphoanatomic, dietary and environmental factors (Trinchieri et al. 1991; Moe 2006) . The lithogenic risk factors that impact urinary stone formation are shown in Table 1 (Bihl and Meyers 2001; Basavaraj et al. 2005) . Inhibitors work by absorption on the crystal surface, thereby interfering with the formation of the crystal lattice and retarding the attachment of new ions and ultimately inhibiting nucleation, growth and aggregation into larger crystals. The effects of inhibitors of stone formation have been primarily studied in calcium oxalate stones. Most inhibitors are anionic and seem to exert their effects by binding to the calcium oxalate surface, although the specific structural mechanisms of this process are not completely known (Bihl and Meyers 2001) .
Trace elements are essential components of biological structures and are necessary for a multitude of vital functions in the human body. On the other hand, these elements can be toxic at concentrations exceeding those necessary for their biological functions (Welshman and McGeown 1972) . The precise role of trace constituents in the pathogenesis of renal calculus is still unclear and under debate, but researchers are increasingly focusing on the role of trace elements in lithogenesis (Parsons 1953; Bird and Thomas 1963; Sutor 1969; Meyer and Angino 1977; Scott et al. 1980; Joost and Tessadri 1987; Oka et al. 1987; Durak et al. 1990 Durak et al. , 1992 Komleh et al. 1990; Hofbauer et al. 1991; Rodgers et al. 1994; Perk et al. 2002; Munoz and Valiente 2005; Trinchieri et al. 2005; Atakan et al. 2007; Bazin et al. 2007) . Trace elements such as zinc (Zn), copper (Cu), nickel (Ni), aluminium (Al), strontium (Sr), cadmium (Cd) and lead (Pb) form poorly soluble salts with phosphate and oxalate ions and therefore play an important role in kidney stone formation. Trace elements also affect the speed of the crystallization process and influence the external morphology of growing crystals (Welshman and McGeown 1972; Meyer and Angino 1977; Scott et al. 1980; Munoz and Valiente 2005) . The inhibitory effect of the elements magnesium (Mg), Al, Zn, iron (Fe) and Cu on calcium oxalate growth at very low concentrations has been demonstrated (Meyer and Angino 1977; Munoz and Valiente 2005; Bazin et al. 2007 ). Bazin et al. (2007) studied various important trace and heavy elements in a large number of urinary stones and discussed the role of these elements in the formation of urinary stones. Munoz and Valiente (2005) investigated the effects of a number of trace elements on the inhibition of calcium oxalate crystallization, resulting in a great step forward towards elucidating the pathogenesis of urinary stones. Meyer and Angino (1977) analyzed trace metal contents in calcium oxalate and a mixture of calcium oxalate and calcium phosphate and tested the inhibitory effect of each of these trace metals on the crystal growth of calcium oxalate and calcium phosphate., Other researchers have focused on the effects of trace elements on solubility and crystallization, and the determination of trace element content in humans has attracted increasing attention (Levinson et al. 1978) . A few studies have determined the concentration of elements in the materials studied, and other have investigated the interactions of elements with promoters or inhibitors (Bird and Thomas 1963; Sutor 1969; Meyer and Angino 1977; Levinson et al. 1978; Scott et al. 1980; Durak et al. 1990 Durak et al. , 1992 Komleh et al. 1990; 1991; Rodgers et al. 1994; Munoz and Valiente 2005; Trinchieri et al. 2005; Słojewski et al. 2010) . The inference derived from these studies is that knowledge of the relative concentrations of the different elements present in the different parts of the stones would lead to an understanding of the mechanism of stone nucleation and growth. In this context, higher concentrations of trace metals have been found in the core than in the peripheral layers of the stones, suggesting a possible lithogenic effect of trace and heavy metal elements (Durak et al. 1992; Hobarth et al. 1993; Perk et al. 2002; Bazin et al. 2007; Singh et al. 2009 ). However, currently available data on the role of trace elements in the pathogenesis of urinary stones are still insufficient.
Types of kidney stones
Kidney stones differ in terms of composition and pathogenesis, as shown in Table 2 ( Barbas et al. 2002; Stoller and Meng 2007; Carpentier et al. 2009; Daudon et al. 2009; Le Bail et al. 2013) . (Barbas et al. 2002; Carpentier et al. 2009; Daudon et al. 2009; Le Bail et al. 2013 (Stoller and Meng 2007) .
Uric acid stones are radiographically transparent unless mixed with Ca crystals or struvite and, in contrast to the radiopaque Ca stones, they are radiolucent. Uric acid salts out calcium oxalate and can precipitate out in acid urine even in the absence of raised serum or urinary uric acid concentrations. As with all stones, certain drugs may enhance stone formation, and in the case of uric acid stones, such drugs a According to Stoller and Meng 2007 include hyperuricosuric agents, such as low-dose salicylates, probenecid and thiazides. Struvite (triple phosphate stones), also known as infection stones, is a crystalline substance composed of magnesium ammonium phosphate (Carpentier et al. 2009 ). Radiography studies have revealed that struvite stones are large, gnarled and laminated. Admixed struvite/apatite stones are usually light brown in color with a coarse, granular surface. The interior of these stones is normally intermixed with white and light-brown layers (Stoller and Meng 2007) . Struvite stones develop if alkaline urine, which has a raised concentration of ammonium, contains trivalent phosphate and urease produced by bacteria. Kajander and Ciftcioglu (1998) reported that not only struvite stones, but also Ca-based stones may have an infectious origin.
The formation of cystine stones is the only clinical expression of cystinuria, and these are associated with a genetically determined defect in the renal transport of certain amino acids, including cystine. Pure L-cystine stones are homogeneously composed of very small yellow spheroids (Stoller and Meng 2007) .
Protease-related stones are one of the "newest" types of stone. The increasing incidence of human immunodeficiency virus (HIV)-positive patients has led to widespread use of indinavir sulphate, which competitively inhibits the action of the HIV protease and has been associated with urolithiasis in some patients (Yagisawa et al. 2000; Norman 2001; Barbas et al. 2002; Daudon et al. 2009 ). Thus, calcium oxalate stones may coexist or form a nidus for indinavir stones or vice versa. Indinavir stones were first described in 1995 (Daudon et al. 2009 ). Pure indinavir calculi are unique in that they are not visualized on spiral computed tomography scans.
Techniques used for the analysis of kidney stones
To learn all there is to know on kidney stone formation, it is important to have a full understanding of the variations in stone composition. All types of stones should be analyzed to determine their crystalline composition, elemental distribution and, in particular, the different hydrate forms, the urates and purine derivatives of the several calcium phosphates (Bazin et al. 2006; Daudon 2013) . Analysis of the kidney stone is of importance to the therapy and metaphylaxis of residual and recurrent stones (Bazin et al. 2006; Daudon 2013) . Also, precise analysis of a stone is a basic requirement for an effective metaphylaxis.
The current techniques utilized for the analysis of kidney stones are: (1) chemical analysis, (2) thermogravimetry, (3) polarization microscopy, (4) scanning electron microscopy (SEM), (5) powder X-ray diffraction (XRD) and (6) spectroscopy. In this review we first describe in brief the principles of these methods and then we compare their accuracy and practical application based on our review of the literature.
Wet chemical analysis
The wet chemical technique is one of the most widely used approaches for stone analysis. However, it can only determine the presence of individual ions and radicals-not differentiate mixtures (Kasidas et al. 2004) . It is possible to improve its performance by using a quantitative wet chemical approach in which the same routine quantitative methods used for the chemical analysis of blood and urine are used for a suitably prepared solution of the stone (Kasidas et al. 2004 ).
Thermogravimetry
Since the 1970s, thermogravimetric analysis (TG or TGA) has been extensively applied for the analysis of kidney stones (Lee et al. 2012 ). This technique is based on the continuous recording of both the temperature and weight loss of the material sampled during a progressive temperature increase to 1,000°C in an oxygen atmosphere. As each substance has its own specific transformation properties, the starting and ending temperature of the transformation, the amount of the weight change, enthalpy, the nature of the substance and the magnitude of this change indicates the proportion of the elements present (Kasidas et al. 2004 ).
Polarization microscopy
Polarization microscopy is based on the interaction of polarized light with crystals of the kidney stones. After the stone is fractured, the material to be tested is removed from various locations and assessed under the polarizing microscope using a drop of the appropriate refractive index liquid (Douglas and Tonks 1979) . The color, refraction of light and double refraction are the parameters used to identify the stone minerals (Schubert 2006) .
Scanning electron microscopy
Scanning electron microscopy is a precise technique used to study the morphology and texture of urinary calculi. This technique is used to determine the properties of stones varying in size from 1 to 5 nm, without changing the specific morphology of the components (Kasidas et al. 2004; Daudon et al. 2008) . SEM produces very high-resolution images of a sample surface, and it has recently been proposed as a diagnostic tool for primary hyperoxaluria (Daudon et al. 2008 ).
Powder X-ray diffraction In the powder X-ray diffraction method, monochromatic X-rays are used to identify the constituents of a renal stone. This technique is based on the unique diffraction patterns produced by a crystalline material (Kasidas et al. 2004) and is capable of distinguishing and measuring simultaneously all of the different crystal types in a particular mixture.
Different techniques of spectroscopy
Spectroscopy is the study of the interaction between matter and electromagnetic radiation. Here we report the principles and practical applications of the most commonly used methods of spectroscopy.
Infrared spectroscopy
Infrared (IR) spectroscopy was first applied to stone analysis by (Beischer (1955) and has since developed into a popular and reliable method for in vitro quantitative stone analysis (Singh 2008) . In IR spectroscopy, the sample is irradiated by IR laser pulses to to cause atomic vibrations; the absorption spectra of the stone samples are then recorded and analyzed to determine the elemental composition of the stone (Nguyen Quy and Daudon 1997; Kasidas et al. 2004) . A more recent technique involving IR spectroscopy is the attenuated total reflection technique (ATR), which is suitable for analyzing soft samples (Schubert 2006) . Sample preparation for this technique is very easy, as it does not require mixing the sample with an IR inactive material, such as potassium bromide, prior to analysis. Even in difficult cases in which only one water molecule separates the two compounds (weddelite and whewellite), calcium oxalate identification is remarkable easy by IR spectroscopy (Bazin et al. 2012) .
Energy dispersive X-ray analysis
Energy dispersive X-ray analysis (EDX or EDAX) is an X-ray analysis technique which is used to obtain the percentage composition of all the elements of stone sample and is significantly useful for recognizing unknown crystals not identified by ordinary light microscopy or SEM alone. The EDX system is generally attached to the SEM system where the imaging capability of the microscope is applied to identify the specimen of interest. The information generated by EDX analysis consists of spectra showing peaks corresponding to the elements, thereby revealing the true composition of the stone samples (Fazil Marickar et al. 2009a ).
Laser-induced breakdown spectroscopy
Laser-induced breakdown spectroscopy (LIBS) is a sensitive and rapid optical technique that can be used to make a multielemental analysis of solid, gaseous and liquid samples ,including kidney stones (Singh and Rai 2011) . The LIBS experimental setup used to examine kidney stone samples has been described in detail by Singh et al. (2009) . In brief, the LIBS technique is based on the formation of short-lived (nanoseconds) microplasma following irradiation of the sample with an intense high-power laser pulse. Target molecules are dissociated into their respective atomic and ionic form, and the emission spectra from the microplasma are characteristic of the excited-state-relaxation transitions from atoms, ions, and molecular fragments of the LIBS-generated microplasma (Parigger et al. 2003) . The laser-induced plasma contains the spectral signature of the constituents present in the sample, and thus important information on the identification, composition and concentrations of trace elements can be derived from the analysis of LIBS emission spectra. Recently, Singh et al. (2009) used the LIBS technique to analyze kidney stone samples. Their results clearly indicate that LIBS is quite a suitable technique to analyze the kidney stones, especially when the aim is to obtain further information on the spatially distributed elements with the stone sample.
Laser ablation inductively coupled plasma-mass spectrometry
Laser ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS) is a powerful analytical technology that enables highly sensitive elemental and isotopic analyses to be performed directly on solid samples, including biological and environmental samples. Laser ablation ICP-MS begins with a laser beam focused on the sample surface to generate fine particles, following which the ablated particles are then transported to the secondary excitation source of the ICP-MS for digestion and ionization of the sampled mass. The excited ions in the plasma torch are subsequently introduced into a mass spectrometer detector for both elemental and isotopic analysis (Durrant and Ward 2005) .
X-Ray absorption spectroscopy
During the last few decades, X-ray absorption spectroscopy (XAS) has made major contributions to a wide variety of biochemical research topics. For example, it has raised important questions on the correlation between structure and function of the metal sites in metallo-proteins (Koningsberger and Prins 1988; Yano and Yachandra 2009 ). This technique allows us to analyze the local structure of the target element without interference from absorption by the protein matrix, water or air. XAS has also been employed for the study of kidney stones (Bazin et al. 2009; Daudon 2013) .
The advantages and disadvantages of these techniques based on the reviewed studies are summarized in Table 3 . The different techniques described above for stone analysis cannot be used interchangeably, even though they appear to be equally effacious. IR spectroscopy is used as a practical application in clinical laboratories (for kidney stone analysis), which techniques such as wet chemical analysis are only of historical importance and should no longer be used, and LIBS is generally only used in research laboratories. However, LIBS has proven its effacicy for in vivo stone analysis. The elemental analysis techniques, such as LA ICP-MS, EDX, among others, and other technique such as SEM provide better accuracy and precision and are able to clearly distinguish features of the inorganic and organic substances present in the stones. These techniques may be applied in clinical research laboratories for the elemental and molecular studies required to understand the precise role of factors in kidney stone formation and its development.
Analysis of kidney stones using different techniques
A study of the chemical composition of kidney stones is important for understanding how they are formed. The choice of medical therapy for kidney stone disease is usually based on an analysis of the stones, which enables proper management of the disease and prevents its recurrence. The chemical composition of urinary calculi was first reported at the end of the 18th century, with the most important chemical components of urinary calculi identified as uric acid and cystine. Uric acid was first isolated from the urine in 1776 by Karl Wilhelm Scheele (Stoller and Meng 2007) and cystine was first isolated from a urinary calculus in 1810 by William Hyde Wollaston (Wollaston 1810; Stoller and Meng 2007) . Following systematic studies by Heller (1847) and Ultzmann (1882), the chemical analysis of urinary calculi was established as a routine clinical procedure (Hesse and Sanders 1988) . Wet chemical methods are sensitive, but they can only identify the components of the kidney stone as chemical radicals. As a result, the various polymorphs of calcium oxalate, apatite and uric acid salts cannot be separately distinguished. In 1947, Prein and Frondel (1947) introduced polarizing microscopy for the identification of the crystalline constituents of urinary calculi. Silva et al. (2010) compared chemical and morphological analyses of kidney stones and reported that unlike the morphological analysis, chemical analysis can detect only Ca and oxalate separately and not differentiate crystalline type. Identifying the crystalline form is very useful for planning therapy; for example, calcium oxalate dihydrate is associated with hypercalciuria, while calcium oxalate monohydrate is more closely related to hyperoxaluria. Thus, these authors suggested using both types of analysis routinely for a better understanding of the mechanisms involved in lithogenesis (Silva et al. 2010) .
TGA has been used by several authors to analyze stones, with the respective authors confirming its ability to produce fast and accurate quantitative results (Rose and Woodfine 1976; Rose 1982) . It is considered to be the best physical method to analyze calcium oxalate monohydrate and dihydrate salt, and it may also provide data that helps determine the age of the stones (Rose and Woodfine 1976; Rose 1982) . This method provides an alternative method to the use of XRD and Fourier transform infrared spectroscopy (FT-IR) for the quantitative determination of each hydrate of the calcium oxalate when present together with uric acid or magnesium ammonium phosphate (Kaloustian et al. 2003) . Similar ignition temperatures and disintegration rates of a number of closely related compounds, such as purines, may also make the identification of stone constitutents difficult. As calcium phosphate, silica and pyrophosphate display very little changes in weight upon heating, TGA cannot convincingly separately identify these materials (Kasidas et al. 2004 ). According to D'Ascenzo et al. (1983) , the components of the nuclei of renal stones are chemically different from those of the outer shell. TGA analysis of urinary stones suggests that some stones contain <80 % calcium oxalate and that the level of calcium oxalate monohydrate and dihydrate differs between the core and the surface layers of the calculi (D'Ascenzo et al. 1983; Lee et al. 2012; ) . Many early researchers in the field (Strates 1966; Berenyi and Liptay 1971; Berényi et al. 1972) performed thermal analyses with the aim to quantitatively determine the two types of calcium oxalate in urinary stones. Recently, Materazzi et al. (1995) coupled the thermo-balance and FT-IR techniques by using a heat transfer line to analyze urinary calculi in the case of complex mixtures.
The efficacy of XRD technology to characterize and identify different urinary calculi was first explored by Prien and Frondel (1947) . Fifteen years later Herring reported using this technique to study 10,000 urinary calculi (Herring 1962) . The advantages of XRD technology is that it can be used to determine the proportional rate of particular crystalline components responsible for the formation of the calculus and, additionally, it provides a well-organized and reliable tool for the analysis of urinary stones (Nalbandyan 2008; Orlando et al. 2008) . XRD in combination with the crystal optical method has been used to analyze the core and shell regions of urinary stones (Schubert et al. 1983 ). However, Sutor (1968) reported some difficulty in identifying the different components of mixed urinary calculi using only XRD. The internal standard method and powder XRD have also been used to quantitatively analyze the constituents of urinary stones. Taken together, these studies indicate that XRD analysis on its own merits cannot be regarded as a routine Ouyang (2006) confirmed the reliability and accuracy of XRD for quantitative and qualitative analysis of urinary stones . IR spectroscopy is a useful tool for studying kidney stones, particularly for the identification of non-crystalline materials, including amorphous substances and drug metabolites that are not detectable with other techniques (Lehmann et al. 1988) . From the medical point of view, quantitative analysis of each mineral component of kidney stones and of their spatial distribution provides information that is very important in terms of determining the origin of the stone and its treatment. Bazin et al. (2012) recently analyzed a very large kidney stone (approx. 18 mm in diameter) and determined the the spatial distribution of the chemical phases from the core to its surface, which in turn provided information on the chronological succession of the different abnormalities. These authors found that the core of the kidney stone consisted of ammonium urate induced by diarrhea, with FT-IR spectroscopy revealing the presence of whewellite. They also found that the surface of the kidney stone was made up of a mixture of carbonated apatite and weddelite related to hypercalciuria of dietetic origin. Using FT-IR spectroscopy, Bhatt and Paul (2008) found that calcium oxalate was the most common constituent in the presence of phases of hydroxyl and carbon apatite. Gould et al. (1995) reported upgraded IR techniques for analyzing urinary calculi where, for example, the use of partial least squares regression in the analysis program enables better quantitation of stone components by use of FT-IR spectrophotometer coupled with a computer and photoacoustic detector. Some authors have focused on FT-IR analysis of a large number of urinary calculi (Estepa and Daudon 1997; Volmer et al. 2001 ). Gulley-Stahl et al. ( 2009) investigated a new quantitative approach requiring minimal sample preparation for the analysis of kidney stone components utilizing ATR-FTIR.
The combined application of IR and Raman spectroscopy technique to the analysis of urinary calculi was reviewed by Carmona et al. (1997) . The authors documented that some of the characteristic bands are very useful for analytical purposes, further suggesting the adaptability of spectroscopy methods to the routine analysis of stones. Paluszkiewicz et al. (1997) linked the structural composition of renal stones, as determined by FT-IR and FT-Raman spectroscopy, with the elemental composition of the stones determined using protoninduced X-ray emission and atomic emission spectroscopy. Based on this study and other published studies, it can be concluded that IR and Raman spectroscopy are the best spectroscopic methods for the identification and quantitative analysis of kidney stones (Nguyen Quy and Daudon 1997). Both techniques are fast and simple to use, and they only require a small quantity of matter for testing. Raman spectroscopy is used alone or as complementary to IR spectroscopy to achieve the same objective. Both XRD and IR spectroscopy have also been employed as reference techniques for stone analysis, and many studies subsequently were designed to compare the quality of these methods (Hesse et al. 1972; Schneider et al. 1973) . It is also well documented that the analytical results obtained with both the XRD and IR spectroscopy methods are comparable and highly acceptable; consequently, these two techniques can be considered to be reference methods for the analysis of urinary calculi (Rebentisch 1993) . Charafi et al. (2010) used SEM and FT-IR methods to analyze several renal calculi. In this study, both methods Difficult to determine the coordination numbers or number of backscatterers.
-XAS experiments require a lower X-ray dose than X-ray crystallography and radiation damage can be precisely monitored clearly showed that calcium oxalate monohydrate (COM) was the predominant component (54 %) of renal calculi from the study region and that calcium oxalate dihydrate (COD) accounted for only 13.5 %. Purine calculi were almost as frequent as phosphate calculi (24.3 %), and struvite calculi comprised 8.1 %. SEM enabled authentic COM calculi, which are derived from crystalline transformation of the COD form, to be differentiated. Crystalline conversions which are sometimes not evident under a binocular stereoscopic microscope or with FT-IR may be distinguishable using SEM. Thus, the presence of etching on the surface of COD calculi and the large crystals composed of COM suggest a high degree of transformation of COD into COM as a consequence of the "permanency" of the calculus in the kidney. SEM provides information on the nature of the crystalline compounds, shape of the crystals, internal structure, location of components, crystalline conversions, crystallite size distribution and characteristics of the aggregates, as well as some data on the close associations between crystals and the organic matrix and/or on the relationships between different crystalline species (Charafi et al. 2010 ). The appearance of urinary calculi determined by SEM enables the identification of the stone type based on textural grounds (Rodgers et al. 1984; Rodríguez-Miñón Cifuentes et al. 2006; Oswald et al. 2011) . Using SEM as a diagnostic tool for primary hyperoxaluria, Daudon et al. (2008) confirmed that (1) the primary hyperoxaluria type 1 stone has a crystalline structure and (2) this structure was distinct from that of the common type of whewellite stone. This unique morphological characteristic and the ultrastructure of primary hyperoxaluria stones suggest a fundamental difference in the mechanism of stone formation, reflecting the very rapid and permanent crystal formation induced by genetic hyperoxaluria. The unique morphological characteristics of stones consistently observed in patients with primary hyperoxaluria type 1 appear to be pathognomonic of this condition. Therefore, the appearance of such stones might be a valuable indicator of primary hyperoxaluria type 1, prompting early comprehensive laboratory evaluation, including measurements of urinary oxalate, glycolate and glycerate in order to achieve a definitive diagnosis. The EDX technique has been employed to investigate the composition of different types of urinary calculi (Rodríguez-Miñón Cifuentes et al. 2006; Oswald et al. 2011) , namely, calcium oxalate and/or calcium phosphate-containing stones, infection stones, uric acid-containing stones, cystinecontaining stones and stones containing rare substances (brushite, whitlockite, xanthine, etc.) and elements (C, N, O, Na, S, Mg, Al, Si, Cl, K, Ca, Mn, Fe, Ni and Zn).
LIBS is an analytical technique which allows real time qualitative and quantitative identification of the major and trace elements present in the biological samples being tested, including stones (Singh and Rai 2011) . The first report on the application of laser pulses on kidney stones appeared in 1987 (Hofmann et al. 1989 ) and the first publication of the application of LIBS for the analysis of kidney stones was reported by Fang et al. (2005) . Singh et al. ( 2009) used the LIBS technique to study kidney stones and quantified a number of elements (Cu, Zn, Sr, Mg) by drawing calibration curves. They were also able to identify the constituents in different parts (center, shell, surface) of the stone samples. The elemental concentration determined by LIBS for different kidney stones correlated well with that determined usingICP-MS techniques. Both LIBS spectra and ICP-MS analysis showed that the major constituent of the kidney stones was Ca. Anzano et al. (2009) identified different types of stones using the LIBS technique. More recently, Oztoprak et al. (2012) used LIBS, XRD and X-ray fluorescence techniques for the analysis and classification of heterogeneous kidney stones. These authors detected phosphorus (P), sulfur (S), silicon, titanium (Ti) and Zn as minor elements in the stones and also found that the ratio of hydrogen to carbon was an important indicator of organic compounds, such as uric acid. They employed principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) of broadband LIBS spectra to classify the different types of kidney stones. Stepankova et al. (2013) It can therefore be concluded that there are many different methods and spectroscopic techniques available which provide capable tools for the analysis of kidney stones. However, in the majority of cases reported, no single technique could provide the complete battery of information on the chemical composition of stones, indicating that various combinations of these techniques are needed for stone analysis. Marickar et al. (2009b) reported that the combination of optical microscopy and IR spectroscopy is an accurate and reliable method for studies of the core, cross section and surface of calculi, with the aim of determining the exact composition of calculi. The combination of XRD or IR spectrometry and wet chemistry may be suitable as reference methodology (Uldall 1981) . Other combinations of methods, such as TGA with XRD, TG with FT-IR, FT-IR with SEM and SEM with EDX, have also been mentioned a suitable approaches for stone analysis (Barbas et al. 2002; Basiri et al. 2012 ). More importantly, it has been widely accepted that different areas of a calculus should be analyzed separated for useful results to be obtained. Since major and trace elements play significant roles in kidney stone formation and also influence the growth of the stone and thus the elemental analysis of different parts of the kidney stone, studies using LIBS, LA ICP-MS and EDX, among other methods, are also needed. Hence, analysis of different parts of a kidney stone separately at the elemental and molecular levels is of utmost importance.
Role of major and trace elements in the pathogenesis of kidney stones
Published reports clearly indicate that all types of kidney stones contain several trace elements. This has given to investigations on the importance of these elements in stone pathogenesis (Sutor 1969; Meyer and Angino 1977; Scott et al. 1980) . However, the trace element contents of different stones have been found to be variable. Trace elements also form poorly soluble salts with phosphate and oxalate ions, suggesting a distinct role in lithogenesis. Basavaraj et al. (2005) studied the effect of different factors on stone formation in detail, and the presence of trace elements in calculi and the mechanism of their formation have been studied for more than 35 years (Meyer and Angino 1977) . These studied generally take the approach of first determining the concentration of trace elements in the stones under analysis and then analyzing the impact of different factors on the relation between trace elements and calculi formation. Some trace elements, such as Zn and Mg, have an an inhibitory effect on urolithiasis while other ones act as a promoter (Atakan et al. 2007 ). Food intake, metabolism and the effect of the environment all explain the presence of trace elements in calculi. The effects of trace elements on calculi formation are not unambiguous, and the results of various studies are in some cases contrary. Thus, toxic metals at trace levels cannot be considered urolithiasis-promoting factors, and their presence in calculi would reflect contamination of the organism rather than other factors. In such a case, calculi can be used for biomonitoring purposes, similar to other biological matrices, such as blood, urine, hair, teeth, among others. Thus, there is a great need to know the effects of trace elements in the formation of kidney stones. The possible/proposed role(s) of some of the major and trace elements involved in the formation of kidney stones together with some of the more recent references associated with these roles are presented in Table 4 .
A large number of trace elements have been quantitatively determined in kidney stones, urine and serum, and in few cases attempts have been made to link the measurements with stone formation (Escott-Stump 2007; Kohri et al. 1988; Johansson et al. 1980; Lindberg et al. 1990; Robertson 1969; Massey 2005; Fraga 2005; Turgut et al. 2008; New Hampshire Department of Environmental Services 2005; Lieu et al. 2001; Curhan et al. 1993; Lemann et al. 1991; Borsatti 1991; Martini et al. 1998; Cirillo et al. 1994; Ettinger et al. 1997; Yanagisawa et al. 2000; Rangnekar and Gaur 1993; Ozgurtas et al. 2004; Kumar et al. 1984; Francois et al. 1986; Anke and Schneider 1973; Elliot and Ribeiro 1973; Cohanim and Yendt 1975 ; http://www.atsdr.cdc.gov/csem/ csem.asp?csem=6&po=10; Järup et al. 2000; Kjellström et al. 1977; Iwata et al. 1993; Lyon et al. 1999; Ferraro et al. 2011; Swaddiwudhipong et al. 2011; Järup et al. 1998; McCoy et al. 1994; Nielsen 1994; Hunt et al. 1997; Słojewski 2011; Rayman 2000; Fujieda et al. 2007; Kumar and Selvam 2003; Lahme et al. 2004; Sakly et al. 2003; Barceloux 1993; Grant 2009; Rubin and Strayer 2008; Ekong et al. 2006; Wright et al. 1984; Lin and Huang 1994; Huel et al. 2002; Samachson et al. 1966; Vezzoli et al. 1998; Li et al. 2010; Vezzoli et al. 2003; Blaschko et al. 2013; Wandt and Underhill 1988; Kuta et al. 2012; Strübel et al. 1990; Nagy et al. 1963; Eusebio and Elliot 1967; Küpeli et al. 1993) . Vanadium (V) is a trace element which is mostly present at low levels in plant and animal tissues. The highest concentrations of V in mammalian tissues are in kidney, spleen, liver, bone, testes and lung (Barceloux 1993) . Słojewski et al. (2010) reported a positive correlation between Vanadium level and the content of magnesium phosphates and phosphate salts, clearly suggesting that V plays a role in the crystallization of phosphate-containing crystals in the human urinary tract.
Pb toxicity in humans is well known condition caused by increased levels of the heavy metal Pb in the body. Pb interferes with a variety of body processes and is toxic to many organs and tissues, including the heart, bones, intestines, kidneys and reproductive and nervous systems. There is evidence that both low and high levels of Pb are the main cause of renal damage (Rubin and Strayer 2008; Grant 2009 ). Pb poisoning inhibits the excretion of the waste product urate and predisposes the body to gout, in which urate accumulates in the body (Wright et al. 1984; Lin and Huang 1994; Ekong et al. 2006) . Inorganic stones contain increased levels of Pb, while Pb has been reported to be completely absent in uric acid and cystine stones (Levinson et al. 1978; Joost and Tessadri 1987) . Bazin et al. (2007) reported a higher amount of Pb in Ca-containing stones than in the organic phases. These authors also observed that a decreased level of Pb in stones correlated with a decrease in the available Pb in the environment. The presence of Pb is strongly associated with environmental pollution (Huel et al. 2002) . Its role in kidney stone formation is unknown, but some authors have found a correlation between Pb in stones and Pb in the urine, possibly indicating that Pb may play some role in the process of crystallization in the urinary tract (Słojewski et al. 2010) .
Sr is a heavy metal which commonly occurs in nature in the form of the sulfate mineral celestite (SrSO 4 ) and the carbonate strontianite (SrCO 3 ). It forms poorly soluble complexes with phosphates and oxalates that can be incorporated into kidney stones. Intestinal absorption and renal filtration studies have clearly demonstrated that Sr is processed by the human body Barbas et al. 2002; Schubert 2006; Chaudhri et al. 2007 Magnesium (Mg) -Mg is the fourth most abundant element in the body; only 1 % of total Mg is found in blood and the rest is present in combination with Ca and P.
Escott-Stump 2007
Mg acts as a potential inhibitor in formation of kidney stones.
-In vitro studies have demonstrated decreased nucleation and growth of calcium oxalate crystals in the presence of superphysiological concentrations of Mg. Supplementation with Mg and vitamin B 6 significantly lowers the risk of kidney stone formation. Kohri et al. 1988; Johansson et al. 1980; Lindberg et al. 1990 -Low concentration of Mg in urine is a risk factor for kidney stone formation. Durak et al. 1990; Meyer and Angino 1977; Scott et al. 1980 -Dietary Mg deficiency causes experimental urolithiasis, and high levels of this element in urine reduce the concentration of oxalate available for calcium oxalate precipitation.
Robertson 1969
-Mg inhibits calcium oxalate crystallization in human urine and it also inhibits absorption of dietary oxalate from the gut lumen.
Massey 2005
Manganese (Mn) -Mn is associated with bone development and plays an important role in the metabolic pathway of amino acids, lipids, carbohydrates and proteins.
Fraga 2005
Role of Mn in kidney stone formation is still not clear.
-Mn levels have been found to be lower in the serum and urine of stone patients than in healthy people. Trinchieri et al. 1991; Komleh et al. 1990 -Low level of Mn might interfere with the fragility of urinary stones in extracorporeal shockwave lithotripsy (ESWL) therapy.
Turgut et al. 2008
-It was suggested that Mn as well as other elements, such as Ni, Li and Cd, could be of significance in the pathological mechanism of stone formation.
Hofbauer et al. 1991
Copper (Cu) -Cu is an antioxidant and its highest concentration is found in the liver, kidney, heart and brain. Chronic (long-term) effect of Cu exposure can damage the liver and kidney.
New Hampshire Department of Environmental Services 2005
Cu shows its inhibitory activity against growth of calcium phosphate crystals but not on oxalate. -It was firstly pointed out by Bird et al. (1963) that Cu shows the inhibitory effect on the mineralization process of rachitic rats' cartilage.
Bird and Thomas 1963
-Cu and Mn urinary levels were found to be lower in stone formers than in normal subjects. Komleh et al. 1990 -The inhibitory activity of Cu against growth of calcium phosphate crystals was observed, but not on oxalate.
Meyer and Angino 1977
-It has been observed that the amount of Cu stored in the stones is more relevant when compared to Zn, especially in oxalate stones.
Joost and Tessadri 1987
Iron (Fe) -Fe is considered to be an inhibitor of oxalate stones. However, more extensive research is needed to elucidate its role in lithogenesis. Lieu et al. 2001; Elliot and Ribeiro 1973 Fe is considered to be an inhibitor of oxalate stones. However, more extensive research is needed to elucidate its role in lithogenesis. -Non-Ca stones have beens reported to have a lower content of Fe than Ca-containing stones. Bazin et al. 2007; Joost and Tessadri 1987; Levinson et al. 1978 Durak et al. 1992 Munoz and Valiente 2005 Potassium (K) -K is important for many functions in the human body and has a role in maintaining normal Ca balance in the body as K decreases urinary loss of Ca. It is reported that the lower the K intake below 74mmol/day, higher the relative risk of stone formation. Such an effect can be ascribed to an increase in urinary Ca and a decrease in urinary citrate excretion induced by a low K intake. Curhan et al. 1993; Lemann et al. 1991 K together with Mg can help prevent calcium oxalate kidney stones.
-A low-normal K intake and a higher NaCl intake were also observed in stone formers as compared to healthy people.
Borsatti 1991 -A sgnificantly higher urine Na/K ratio was observed to increase the risk of stone formation. Martini et al. 1998; Cirillo et al. 1994 -Higher K intake was recommended in order to prevent kidney stone formation. Potassium magnesium citrate reduces the risk of developing calcium oxalate stones.
Ettinger et al. 1997
Zinc (Zn) -Zn is an essential trace element and its deficiency can enhance the expression of angiotensis II that constricts the blood vessels in kidneys and further aggravates the condition of individuals with obstructive kidney disease.
Yanagisawa et al. 2000
More extensive research is needed to determine the exact role of Zn in lithogenesis.
-It has been described as an inhibitor of urinary stone formation but its exact role is divergent. Hofbauer et al. 1991; Komleh et al. 1990 -The higher content of Zn in weddellite stones than whewellite stones is reported, which may be linked to the fact that weddellite is formed during the first phase of the crystallization process and subsequently transforms to whewellite. Bazin et al. 2007; Joost and Tessadri 1987; Hofbauer et al. 1991; Levinson et al. 1978 -It was found in higher concentrations in Cacontaining stones but also in organic urinary stones compared to other trace elements. Atakan et al. 2007; Bazin et al. 2007; Joost and Tessadri 1987; Levinson et al. 1978 -Its inhibitory effect was observed only on calcium phosphate stones but not on calcium oxalate growth.
Meyer & Angino 1977
-calcium phosphate stones were reported to have a higher Zn content than calcium oxalate stones. By contrast, brusite stones contain significantly less Zn than carbonate apatite stones. Bazin et al. 2007; Levinson et al. 1978 -Significantly higher amounts of Zn have also been observed in urinary excretion of stone patients. Trinchieri et al. 1991; Komleh et al. 1990; Rangnekar and Gaur 1993; Ozgurtas et al. 2004; Kumar et al. 1984; Francois et al. 1986; Anke and Schneider 1973; Elliot and Ribeiro 1973) -Some authors detected no differences relating to Zn urinary excretion between healthy people and stone patients. Welshman & McGeown 1972; Hofbauer et al. 1991; Cohanim and Yendt 1975 -In some studies, serum Zn is lower in stone patients than in healthy controls. Kjellström et al. 1977; Iwata et al. 1993 The experimental findings clearly reveal that Cd plays an important role in kidney formation.
-A study of almost 2,700 renal cadaver samples showed that subjects who had died of renal disease had lower Cd concentrations. Lyon et al. 1999 -Its inhibitory effect on calcium oxalate crystallization was also suggested. Hofbauer et al. 1991 -Cd exposure has been found associated with a greater risk of kidney stone formation. Ferraro et al. 2011 -Recently, Swaddiwudhipong et al. (2011 found an increase in stone prevalence with increasing urinary Cd levels observed in both genders. A positive association was found between urinary Cd levels and stone prevalence. Finally, they documented that elevated calciuria induced by Cd might increase the risk of urinary stone formation in environmentally exposed population.
Swaddiwudhipong et al. 2011
-Some authors have also noted the increased prevalence of kidney stones in workers exposed to Cd which is possibly related to the increased urinary excretion of Ca or tubular damage. Järup et al. 1998 Boron (B) -B is an ultra-trace element which is essential for healthy bone and joint function and effects on the balance and absorption of Ca, Mg and P. It is efficiently absorbed and excreted in the urine. Its deficiency seems to affect Ca and Mg metabolism, and affects the composition, structure and strength of bone. Due to its effects on Ca and Mg metabolism, B deficiency may also contribute to the formation of kidney stones. McCoy et al. 1994; Nielsen 1994 More extensive research is needed to elucidate its role in lithogenesis.
- Hunt et al. (1997) reported low calcium oxalate urine excretion in postmenopausal women as a metabolic response to dietary B supplementation during low Mg intake. It is well reported that sodium borate is the most common form of supplement. B is increasingly used in Ca and bone replenishing nutritional formulas. It may be particularly useful in those whose Mg intake is low. This effect may be useful in the prevention of kidney stones. Hunt et al. 1997 -Low concentration of B has been observed in patients with cystine stones.
Słojewski 2011
Selenium (Se) -Se is an essential trace element in humans and its deficiency has been found to induce renal calcification. Experimental and clinical studies have shown that Se has an inhibitory effect on urolithiasis.
Rayman 2000; Fujieda et al. 2007; Kumar & Selvam 2003 The experimental findings indicate that Se act as an inhibitor to the stone formation.
-Supplementation of Se and vitamin E prevents hyperoxaluria in experimental urolithic rats by Kumar & Selvam 2003 in much the same way as Ca (Samachson et al. 1966; Vezzoli et al. 1998) . Sr has been observed to substitute for Ca during the process of biomineralization in bone studies, incorporating into hydroxyapatite in bones by replacing a proportion of the Ca ions (Li et al. 2010) . The observation that Sr absorption was higher in hypercalciuric stone formers than in normocalciuric patients (Vezzoli et al. 2003 ) has led to investigations focusing on Sr incorporation into uroliths. In a recent study, Blaschko et al. (2013) found that 80 % of Sr in kidney stones was present as strontium apatite and 20 % as strontium carbonate. Although studies on the role of Sr in urolithiasis are still in their infancy, available results suggest that strontium hydroxyapatite may serve as a nidus for the formation of stones containing Ca. Relatively higher concentrations of Sr have been reported in calcium phosphate stones (Joost and Tessadri 1987; Wandt and Underhill 1988; Bazin et al. 2007; ) . Varying amounts of Sr have been reported in the center, shell and surface parts of the stones as well as in whole stones (Fang et al. 2005; Chaudhri et al. 2007; Singh et al. 2009 ). Taken together, these studies indicate that Sr has the potential to serve as a valuable marker in studies on renal stone pathogenesis. Mercury (Hg) is a naturally occurring heavy metal which can cause serious health problems, including kidney damage. Kuta et al. (2012) recently analyzed a large number of urinary stones for their mineralogical and elemental content, with a specific focus on Hg. These authors observed an association between Hg and whewellite mineral as well as a distinctive association with Se. These results confirm the role of Se in Hg excretion. Strübel et al. ( 1990) determined the significance of Hg, together with that of other heavy metals, such as cadmium (Cd), Pb, chromium (Cr) and nickel (Ni) in pathogenesis.
There is an increased presence of trace elements in Cacontaining stones, and only few elements, such as arsenic (As) and antimony (Sb), accumulate in uric acid stones (Joost and Tessadri 1987) . In a study carried out in an area of Germany, Hesse et al. (1977 Hesse et al. ( , 1978 observed that the concentrations of fluorine (F) in whewellite and weddellite stones were higher when the drinking water was fluoridated than when it was not fluoridated. In addition, the concentration of F was higher in weddellite than in whewellite stones and it increased in carbonate apatite, struvite and uric acid stones in the fluoridated area. The increased F content resulted in an increased degree of crystallization and hence in an increased strength of carbonate apatite (Hesse et al. 1977 (Hesse et al. , 1978 . The authors concluded that certain specific urinary components were necessary for the stabilization of the weddellite and uric acid dihydrate (Hesse et al. 1975 (Hesse et al. , 1976 Bazin et al. 2007 ). As pure chemical compounds, these urinary stone substances are very unstable and transform into the stable crystal phases whewellite or uric acid, respectively, with the elimination of water. Highmolecular-weight substances also contribute to the stabilization of weddellite and uric acid dihydrate. Hofbauer et al. (1991) determined the concentration of urinary Ni and serum Ni in stone patients and reported that the urinary Ni level was very low in stone formers. These authors found that there is a significant difference in the level of urinary and serum Ni levels between stone patients and healthy individuals, with stone patients having the lower Ni level. These investigations show that Ni play a significant role in the pathological mechanism of stone formation.
In more recent investigations, other elements have been reported in urinary stones, such as bromine (Br), cobalt (Co) and samarium (Sm), in addition to Ca, sodium (Na), potassium (K), manganese (Mn), Cr, Zn, and chloride (Cl) (Srivastava et al. 2012) . Zirconium (Zr) was recently reported in urinary stones along with the other elements such as Cu, Zn, Sr and Cl (Zarasvandi et al. 2013) . Abboud (2008) reported a large number of major and minor elements, such as Na, Mg, Al, Si, Ca, K, Fe, barium (Ba), Mn, P, S, Zr, Mo, Cl, Sr, Ni, Zn, Cr, Co, F, Pb, Cd and As in urinary stones. Significantly elevated concentrations of some rare-earth elements, such as europium (Eu), terbium (Tb) and lutetium (Lu), among others, have also been seen in urinary stones (Hobarth et al. 1993) . Because most of the stones are multicomponent, the techniques used to analyze kidney stone should be capable of resolving all components of the stones, especially the crystalline components. Laboratory analyses of kidney stones generate different data types, such as quantitative, mineralogical and elemental data, and by combining these different data into a comprehensive report, it is possible to make safe diagnostic and therapeutic decisions. A flow pattern similar to that shown in Fig. 2 may be one approach to analyze kidney stones in order to provide the necessary information for clinical decision-making and patient care. The pathway shown in Fig. 2 is suggested because to date no single technique or method has been found suitable of providing all information on the structure and composition of urinary stones. Only a combination of refined morphological and structural examinations of stones with optical and scanning electron microscopy, completed with a compositional analysis can provide a precise and reliable method for the identification of the stone type. The suggested pathway (Fig. 2) includes all of the necessary techniques and steps which will provide a complete set of useful information on the structure, texture, morphology, mineralogical phases and chemical composition (elemental and molecular level).
Discussion and conclusion
Major and trace elements are naturally present in the human body and essential to human health if taken during eating, drinking or breathing. A large number of trace elements are essential for specific metabolic processes, temporarily stored and then excreted via the kidneys (Hesse et al. 2013 ). This can result in the accidental incorporation of trace elements into urinary stones, but also affect crystal formation or change the properties of urinary stones. The aim of this review is to assess the role of major and trace elements in the pathogenesis of kidney stones. The first paper on trace elements in urinary stones was published in 1963 by Nagy et al. (1963) , who detected a large number of trace elements in the stone samples (Ag, Al, Ba, Bi, Cd, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Si, Sr and Zn). The first study of the influence of trace elements on the crystallization process of calcium oxalate was published by Sutor (1969) and Eusebio and Elliot (1967) who reported that trace elements, particularly Co, Ni, Pb, tin (Sn), V and Zn, could inhibit the crystallization process of calcium oxalate. Joost and Tessadri (1987) found significantly higher concentrations of Fe, Sb, Sr and Zn in calcium oxalate stones, of Fe, As and Zn in phosphate stones and of Sb and As in uric acid stones. This observation can be explained by the effect of heterogenic isomorphism, which is the insertion of a foreign element into a crystal lattice of a salt. The same phenomenon is observed in crystals of apatite, in which P can be replaced by the As ion. Bazin et al. (2007) showed a high proportion of Zn and Sr in phosphate stones and a lower proportion of these elements in calcium oxalate stones. Słojewski et al. (2010) was found a positive correlation between Zn and Sr concentrations in calcium phosphate stones, but not in calcium oxalate stones. Durak et al. (1990) studied the distribution of five metals, particularly Fe, Cu, Cd, Zn, and Mg, in stones and hair and found significant differences among the element levels in the stones, patients' hair and control patients' hair. The role of Zn in lithogenesis remains unclear. Early studies by Bird and Thomas (1963) and the recent study by Atakan et al. ( 2007) showed that a low Zn level in the urine of stone-formers suggests its potential inhibitor activity against Fig. 2 Flow pattern for the analysis of kidney stones. SEM Scanning electron microscopy, FTIR Fourier transform infrared spectroscopy, XRD X-ray diffraction, LIBS laser-induced breakdown spectroscopy, ICP inductively coupled plasma, EDAX, energy dispersive X-ray analysis, XAS X-ray absorption spectroscopy kidney stone formation. Turgut et al. (2008) reported that low concentrations of Zn, Mn and Mg in calcium oxalate monohydrate stones appear to make them resistant to extracorporeal shock wave lithotripsy. There are similar data on Cu, Fe, Mg, and Zn (Küpeli et al. 1993) . Scott et al. (1980) found a high concentration of Mg and K in phosphate stones and a relatively low concentration of Na in calcium oxalate stones.
Separate analyses of the core and shell of urinary stones revealed higher concentrations of Zn in the core of mixed calcium oxalate/apatite stones than in pure calcium oxalate or struvite stones, respectively (Lin et al. 1987; Singh et al. 2009; Hesse et al. 2013) . Based on the the higher Zn content of the stone core, these authors concluded that Zn and other trace elements (Cu, Sr) could play a role in the formation of the nucleus. Some heavy metals, including Pb, Cd, Ni and Al, have also been found at higher concentrations in the nuclei than in the crust (Perk et al. 2002) . This finding indicates that these heavy metals may take part in the initiation of stone crystallization, for example as a nucleus or nidus for the formation of the stone or, alternatively, they may simply be contaminants of the stone. Trace elements, such as Zn, Cu, Fe, Ni and Sr, form poorly soluble salts with oxalate and phosphate ions (Hesse et al. 2013) . No pure urinary stones consisting of these compounds are known so far. However, zinc phosphate has been found in the layers of struvite stones. Some trace elements have also been found in small amounts in uric acid stones. Higher concentrations of Zn and other trace elements, such as Sr, have been found in calcium phosphate stones as compared to calcium oxalate stones. Recently, Giannossi et al. ( 2013) 1 analyzed a large set of kidney stone samples of different kinds using ICP spectrometry to determine the specific content of various elements (i.e. Ca, Mg, K, Zn, Fe, Cu and Mn) involved either in the crystallisation process of kidney stones or as potentially toxic agents, such as Pb and Cr. These authors found that most urinary stones had high concentrations of K, Cu and Mg and a low content of Fe as compared to previously reported results. Significant amounts of these elements were found in calcium oxalate and phosphates, whereas a higher content of Zn was found in uric acid and cystine stones. Higher amounts of trace elements were found in calcium phosphate stones than in calcium oxalate stones, and in the latter, more trace elements were observed in weddellite than whewellite.
In conclusion, depending on the stone type and according to their occurrence in urine, trace elements are incorporated into a kidney stone and can affect its properties. Significant variations of some trace elements in blood, urine and serum of stone patients and healthy persons were observed which clearly indicate their role in nephrolithiasis. Some correlations were clearly observed between the elements in each group of stones. A correlation between Ca and other trace elements has also been found which shows that trace elements are relevant to the process taking place during the stone formation and its growth. In vitro and in vivo studies are further required to understand the exact role of elements in kidney stone formation and its growth. It is clear from the review of literature that kidney stones are multicomponent, including crystalline components. Thus, the choice of the technique for the analysis of kidney stones should be capable of resolving all components of the stones. Published studies support the use of FT-IR, Raman or XRD as the preferred analytical methods. The different areas of the stones must also be analyzed separately on both the elemental and molecular levels to obtain useful results regarding its pathogenesis. To determine the elements in each portion of the kidney stone under study, LIBS is a quite suitable method since it has a point detection capability. LIBS has the capability to rapidly and simultaneously perform a multi-elemental analysis of stones samples, urine, blood and serum samples, providing qualitative information within a very short time period on the spatial distribution of elements inside the kidney stone. The other great advantage of LIBS is that it does not damage the sample during the experiments, thereby enabling the sample to be used in other molecular analyses with other methods, such as IR spectroscopy, Raman spectroscopy and XRD.
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